Using CsCI-Hoechst dye or CsCI-ethidium bromide gradients, satellite and nuclear DNAs were separated and characterized in three marine dinoflagellates: Glenodinium sp., and two toxic dinoflagellates, Protogonyaulax tamarensis and Protogonyaulax catenella. In all three dinoflagellates, the lowest density fraction, satellite DNA1, hybridized to chloroplast genes derived from terrestrial plants and/or other algae. Dinoflagellate chloroplast DNAs exhibited molecular sizes of 114 to 125 kilobase pairs, which is consistent with plastid sizes determined for other chromophytic algae (120-150 kilobase pairs). Mitochondrial DNA was not resolved from nuclear DNA in this system. Two additional satellite DNAs, satellite DNA2 and satellite DNA3, recovered from P. tamarensis and P. catenella were similar to one another, both within and between species, when characterized by restriction enzyme analysis. These satellites were 85 to 95 kilobase pairs in size, and exhibited restriction fragments that hybridized to yeast nuclear ribosomal RNA genes. Restriction enzyme analyses and DNA hybridization studies of cpDNA document that the two Protogonyaulax isolates are not evolutionarily identical.
The Dinophyceae is a group of unicellular, eukaryotic organisms that is composed of photosynthetic, heterotrophic, phagocytic, and saprophytic forms. These algae are second only to diatoms in their contribution to primary production in marine and freshwater ecosystems. In addition, species of photosynthetic dinoflagellates have been identified as the dominant organisms comprising the toxic "red tides" that periodically close shellfish aquaculture facilities on both the East and West Coasts.
Dinoflagellates possess unique DNA characteristics. Cells of this taxonomic group frequently contain very high levels (32-200 pg/cell) of DNA packaged into chromosomes that lack classic histone-like proteins. These chromosomes remain condensed throughout cellular interphase (28) unusual pyrimidine, hydroxymethyl uracil, that replaces thymine to varying degrees (23) . Historically, preparative amounts of DNA have been difficult to obtain from many dinoflagellate species due to the presence of both thecal plates and a thick cell wall (pellicle) (26) . Although several investigators have analyzed total cellular DNA and/or nuclear genes (e.g. ribosomal RNA) of dinoflagellates, no reports exist concerning the isolation and characterization of organellar (chloroplast/mitochondrial) DNA from this taxon.
In recent years, Hoechst dye 33528, which binds preferentially to A-T3 rich regions of DNA, has become increasingly useful in resolving cp-and mtDNA from nDNA in algae (1, 14, 19) and terrestrial plants (25) . Organelle DNA species frequently migrate as low density satellite bands above the main nuclear DNA band in the Hoechst dye-CsCl gradients. These Hoechst dye-CsCl gradients have also been exploited in the separation of terrestrial plant nuclear ribosomal DNA from total cellular DNA. Ribosomal DNA frequently appears as a high density satellite band below the nDNA in these gradients (25) .
The isolation and characterization of satellite DNA from the dinoflagellates will be important to future studies concerning the organellar gene regulation, genomic organization, and molecular evolution of this group. Earlier investigators have observed the presence of nonnuclear dinoflagellate DNA species in CsCl gradients (13, 26) ; however, the origin of these DNA species was not determined.
In this study, the Hoechst dye CsCl method is applied to three marine dinoflagellate representatives. Glenodinium sp. has been used as a representative species in numerous photosynthetic studies (7, 22) (12) , and a nuclear yeast ribosomal operon (4) . Membranes were prehybridized overnight at 60°C in 1.0 M NaCl and 1% SDS and hybridized at 65°C (high stringency) or 42C (low stringency) for 16 to 24 h in 1.0 M NaCl, 1% SDS and 32P-labeled DNA (boiled for 5 min before use). After hybridization, blots were washed at either 65 or 42°C in 2 x SSC (0.15 M NaCl, 0.0155 M Na citrate, pH 7.5) and exposed to x-ray film using a Kodak Xomat AR intensity screen for 10 to 48 h at -70°C.
RESULTS
Using CsCl-Hoechst dye gradient separation procedures, sDNAs were separated from main band nDNA in Glenodinium sp. as well as the toxic dinoflagellates, P. tamarensis and P. catenella. Optimal separation of DNA species in Protogonyaula.x only occurred if a CsCl-EtBr gradient ultracentrifugation was inserted prior to the CsCl-Hoechst 33258 gradient separation. In contrast, an initial CsCl-EtBr gradient step did not enhance DNA separation in Glenodinium sp. Two sDNAs were separated from nDNA in Glenodinium sp. preparations, whereas three sDNAs were separated in both Protogonyaulax species. All sDNAs were obtained in low yields (3-10 ,ug/preparation).
Restriction endonuclease digestion and heterologous ctDNA hybridization analyses were used to characterize the three DNA species isolated from Glenodinium sp. These analyses demonstrated that sDNA,, the satellite of lowest buoyant density (refractive index: approximately 1.404 in initial buffer system), was of chloroplast origin, with a molecular size of 1 8.2 ± 3.4 kb ( Table I, II) . A mitochondrial gene (Cox II) did not hybridize to sDNA, or sDNA2 at either high or low stringencies (data not shown). Although sDNA2 had a higher genomic complexity (> 180 kb) than sDNA,, it did not hybridize to selected chloroplast genes. The third Glenodinium sp. DNA band, which was ofhighest density and greatest abundance in CsCl gradients, only hybridized to a nuclear yeast ribosomal DNA probe, and not to any chloroplast gene probe.
Similar to Glenodinium sp. (data not shown), P. tamarensis and P. nyaulax catenella satellite bands were present in low abundance and, therefore, were recovered in minimal quantity. The sDNA, satellite that exhibited the lowest buoyant density (refractive index: approximately 1.401 in initial buffer system) for both Protogonyaulax isolates was identified as chloroplast DNA (Table I) using heterologous hybridization analysis. Molecular size for this DNA was estimated from restriction fragment analyses to be approximately 119.3 kb for P. tamarensis and 124.2 kb for P. catenella (Table II) .
The sDNA2 and sDNA3 satellites of both Protogonyaulax isolates are cryptic in origin. When these DNAs were hybridized to chloroplast psbA, psaA, rDNA, rbcL genes, or the (10) .
bpsaA, Spinach PSI (27) . CpsbA, Spinach PSII 32 kb protein (provided by K. Ko and N. Strauss, University of Toronto).
d rbcL, 0. luteus large subunit of nubisco (22) .
e An asterisk (*) indicates no hybridization data for these enzyme fragments.
mitochondrial Cox II genes, no hybridization signals were observed. In addition, sDNA2 and sDNA3 were not cleaved by several restriction enzymes. Of the 14 enzymes tried, only those capable of cutting at methylated sites (MspI), a fourbase recognition enzyme (HaeIII), and three six-base recognition enzymes (PvuII, HpaI, BglII) would digest these DNAs. When sDNA2 and sDNA3 from both P. tamarensis and P. catenella were digested with these enzymes, restriction patterns looked remarkably similar to each other both within a species (Fig. 1, lanes 2 and 4) and between species (Fig. 1,  lanes 2 and 8) .
Restriction endonucleases MspI and HpaII can be used to determine the presence or absence of methylation within a specific sequence. If methylation occurs at a site (usually CCGG), digestion with MspI but not HpaII will occur. As shown in Figure 2 , restriction analyses of sDNA2 and sDNA3 from both P. tamarensis and P. catenella indicate that methylation of internal cytosines occurs in these DNAs.
To characterize sDNA2 and sDNA3 from Protogonyaulax, these DNAs were hybridized to yeast nuclear ribosomal DNA (Fig. 3) . Positive hybridization signals were seen. Although hybridization patterns were identical in sDNA2 and sDNA3 within Protogonyaulax species, they differed when compared between P. tamarensis and P. catenella. It should be noted that the yeast ribosomal DNA used to probe these satellite DNAs only hybridized to discrete restriction fragments, indicating that much sDNA2 and sDNA3 was not encoding ribosomal DNA.
Additional studies with P. tamarensis sDNA2 indicated that, when this DNA was digested with the restriction endonucleases HpaI or BglII, a "ladder" or repetitive DNA series was seen with a repeat unit length of 333 base pairs (Fig. 4) .
DISCUSSION
Although satellite DNAs have been observed in DNA preparations from some dinoflagellate species (6, 26) , to date there has been no definitive characterization of the origin of these sDNAs. In this study of three dinoflagellate species, total DNA was extracted from algal cells and bands of satellite DNA were resolved from the majority of nDNA in CsCl gradients containing Hoechst dye. These DNA species were then characterized using restriction endonucleases and heterologous gene hybridization.
Unlike terrestrial plants, molecular sizes of the plastid genome of algae are variable, and range from the smallest genome on record (Codium: 85kb) (16) to the genome of Acetabularia (>200 kb) (21) . Within taxonomic groups, chlorophytic algae have exhibited a wide range of plastid genome sizes (85-200 kb), whereas the plastid genomes of those rhodophytes investigated to date exist in a narrow range of 170 to 200 kb (14, 19 , M. S. Shivji and R. A. Cattolico, unpublished observation). Plastid DNAs (sDNA,) isolated here from three marine dinoflagellates had average molecular sizes of 124 kb (P. catenella), 119 kb (Glenodinium sp.) and 1 9 kb (P. tamarensis). When the dinoflagellate genome sizes are compared with other chromophytic algal plastid genomes, Steele and Rae (27) have used gene hybridization methods to determine the relatedness of geographical isolates of the nonphotosynthetic dinoflagellate, Crypthecodinium cohnii. A similar approach has been used in this study to determine Protogonyaulax isolate relatedness. Historically, the taxonomic position of the toxigenic P. tamarensis/catenella species complex remains controversial (9) . The two generally recognized morphotypes within the complex, tamarensoid and catenelloid, cannot be highly correlated with toxin concentration, composite toxin profiles, or isozyme assessment (9) . Results described here show that the restriction profiles of plastid DNAs from isolates of P. tamarensis and P. catenella are not the same, suggesting that these two isolates are separate species. In addition, hybridization patterns of sDNA, and sDNA2 to heterologous rDNA are also dissimilar between these isolates. Data such as these may be extended to a large number of morphological and/or geographical isolates to determine Protogonyaulax isolate boundaries. Algal mtDNA has been identified as an adenine-thymine rich satellite DNA in some rhodophytes (14, 19) and chromophytes (1). Genome sizes for these molecules have been determined to be approximately 35 to 70 kb in rhodophytes (19) and cryptomonads (J. M. Chesnick and R. A. Cattolico, unpublished data). However, it does not appear that dinoflagellate mtDNA separates as a satellite in CsCl-Hoechst gradients. Yeast mtDNA (Cox II) did show some hybridization to nDNA in all three dinoflagellates, suggesting a co-migration of mt-and nDNA in these gradients.
Using renaturation kinetic analysis, the complexity of total cellular dinoflagellate DNA has been studied by several investigators (3, 23, 26) . These studies indicated that 55 to 60% of the total DNA in C. cohnii and Prorocentrum cassubicum consisted of repetitive sequences. Steele (26) observed a guanosine-cytosin-rich satellite DNA species in CsCl density gradients containing DNA from P. cassubicum, and hypothesized that this satellite consisted of repetitive DNA sequences. However, this satellite DNA was not further characterized. Protogonyaulax sDNA2 and sDNA3 are relatively adeninethymine rich DNAs that contain methylated cytosines. Such methylated cytosines are characteristics of nuclear derived satellite DNAs in both animals (5) and plants (1 1, 20) . Digestion with HpaI and BglII indicated that sDNA2 and sDNA3 also contain repetitive sequences, suggesting that dinoflagellates possess sDNAs similar to those of other organisms. The fact that hybridization to ribosomal DNA genes was restricted to a few DNA restriction fragments in the dinoflagellate satellite DNAs suggests that additional coding potential is present. The occurrence of ribosomal DNA in A-T rich satellites contrasts with observations that nuclear ribosomal DNA in terrestrial plants has been localized to guaninecytosine rich satellites, whose densities are heavier than that of nDNA (17, 25) . However, Chlamydomonas reinhardtii ribosomal DNA is found in Hoechst-CsCl gradients at a relatively A-T rich region (2) .
Eukaryotic highly repeated DNA sequences are often localized in the heterochromatic regions of plant and animal chromosomes (1 1). Heterochromatin is thought to be transcriptionally inactive, and satellite DNA sequences often appear to be located in the heterochromatin associated with the centromeric regions ofchromosome. John and Miklos suggest (18) that repetitive satellite DNA may be important for chro-
